We have conducted a three-stage, comprehensive single nucleotide polymorphism (SNP)-tagging association study of ESR1 gene variants (SNPs) in more than 55 000 breast cancer cases and controls from studies within the Breast Cancer Association Consortium (BCAC). No large risks or highly significant associations were revealed. SNP rs3020314, tagging a region of ESR1 intron 4, is associated with an increase in breast cancer susceptibility with a dominant mode of action in European populations. Carriers of the c-allele have an odds ratio (OR) of 1.05 [95% Confidence Intervals (CI) 1.02 -1.09] relative to t-allele homozygotes, P 5 0.004. There is significant heterogeneity between studies, P 5 0.002. The increased risk appears largely confined to oestrogen receptor-positive tumour risk. The region tagged by SNP rs3020314 contains sequence that is more highly conserved across mammalian species than the rest of intron 4, and it may subtly alter the ratio of two mRNA splice forms.
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We have conducted a three-stage, comprehensive single nucleotide polymorphism (SNP)-tagging association study of ESR1 gene variants (SNPs) in more than 55 000 breast cancer cases and controls from studies within the Breast Cancer Association Consortium (BCAC). No large risks or highly significant associations were revealed. SNP rs3020314, tagging a region of ESR1 intron 4, is associated with an increase in breast cancer susceptibility with a dominant mode of action in European populations. Carriers of the c-allele have an odds ratio (OR) of 1.05 [95% Confidence Intervals (CI) 1.02 -1.09] relative to t-allele homozygotes,
INTRODUCTION
Genetic changes that alter the alpha oestrogen receptor (ERa) and its downstream signalling are likely to affect breast cancer susceptibility, tumour growth and response to treatment. In 1991, the locus encoding ERa was first postulated to be linked to breast cancer (1) . The ESR1 gene has eight exons that span more than 300 kb of chromosome 6. It encodes a transcription factor, capable of binding oestrogen as well as oestrogen response element (ERE) DNA sequences. Oestrogen-activated ERa dimers initiate the transcription of down-stream genes through their EREs. Most of the effects of the anti-breast cancer drugs, tamoxifen and raloxifene, are through their binding to the oestrogen-binding domain of ERa and blocking these down-stream activities. Breast tumours that express ERa (receptor-positive tumours-ERþ) are considered to be hormone-responsive and have better prognosis than others. Three hundred and ninety-six single nucleotide polymorphisms (SNPs) across the ESR1 gene footprint have been collated, and haplotyped in a subset of the multiethnic cohort (MEC), (http://www.uscnorris.com/Core/DocManager/ DocumentList.aspx?CID=13) and there are 286 common SNPs in Caucasians listed on HAPMAP (http://www.hapm ap.org/). None of the common [minor allele frequency (MAF) . 0.05] SNPs are predicted to generate amino acid substitutions. Most published association studies on ESR1 have been confined to two SNPs (first detected with the restriction enzymes PvuII and XbaI (2)) that lie within 45 bp of each other in intron 1 of the gene. They have been variously reported to be associated with differential age-of-onset of menopause (3); body mass index, waist -hip ratio and fat mass (4); myocardial infarction and ischaemic heart disease (5) and risk of fracture (6). They have not consistently been found to be associated with risk of breast cancer (7, 8) . Other studies, examining more extensive ESR1 SNPs with breast cancer risk have also been inconclusive (9 -12) .
The MEC SNP database was generated by a combination of re-sequencing across coding exons and mining dbSNP (http:// www.ncbi.nlm.nih.gov/projects/SNP/) and the Celera SNP databases within introns and upstream regulatory regions. At the commencement of this study, it was more comprehensive than HAPMAP at the ESR1 locus, and formed the basis for this large-scale breast cancer association study. Our aim was to examine the association of all known, common variants in ESR1 with risk of breast cancer using a set of tag SNPs.
RESULTS
The MEC database gives details of 227 common SNPs (MAF . 0.05) in Caucasians. A map of these SNPs, generated in Haploview (http://www.broad.mit.edu/mpg/haploview/) ( Fig. 1) shows five clear haplotype blocks, and the largest of these can be further sub-divided into four regions (labelled 4a-d in Fig. 1 ). Within each block, many of the SNPs are highly correlated with each other. We identified a set of 68 SNPs that tagged the full set of 227 SNPs with pairwise correlation (R p 2 ) . 0.8, using Tagger (http://www.broad.mit.edu/ mpg/tagger). To enable comparisons with previous papers that concentrated on two restriction fragment length polymorphisms (RFLPs), the SNPs creating the PvuII (rs2234693) and XbaI RFLPs (rs9340799) were forced into our set of tag SNPs. Details of the SNP tagging are shown in Supplementary Material, Table S1 . Sixty of the 68 chosen tag SNPs were successfully made into Taqman assays and these efficiently tagged 96% of the common SNPs in Caucasians. These tag SNPs were all genotyped in the first stage of the study (SEARCH Set1, consisting of 2271 cases and 2280 controls from the East Anglian region of Britain). All Stage 1 results are shown in Supplementary Material, Table S2 . Any SNP giving an indication of association with breast cancer at this stage (P-trend , 0.1) was eligible for further investigation (Stage 2).
The strongest, independently associated tag SNPs from SEARCH Set 1 were identified by multiple logistic regression and these were genotyped in Stage 2 of the association study (SEARCH Set 2, 2203 cases and 2280 controls, also drawn from the East Anglian region). To help elucidate the very strong association in haplotype block 4b, both tag SNPs from this block were studied in Stage 2 as was SNP rs2234693 (the PvuII RFLP) because of its previously reported associations. At the end of the second stage, only tag SNP rs3020314 showed an independent, statistically significant association with increased breast cancer risk. SNP rs3020314 was the tag for seven other known SNPs. All lie in a segment of DNA, approximately 18 kb in length (haplotype block 4b) that falls entirely within intron 4 of the gene (Fig. 1 ). All eight SNPs were therefore genotyped in SEARCH case-control Set 1 and the results were compared (Supplementary Material, Table S3 ). As expected, all show significant association with risk of breast cancer. Conditional logistic regression and likelihood ratio tests were used to compare genotype data from all eight SNPs. Both forward conditional regression and the likelihood ratio test indicate that rs3020314 is the best of these eight candidates, although none of the others can be definitively excluded. Reverse conditional regression leaves a combination of three other candidates (rs3020396, rs3020401 and rs1884051), indicating that no single, currently known SNP explains all the disease association seen.
SNP rs3020314 was genotyped in Stage 3, consisting of 28 more case-control studies within the international collaborative consortium, BCAC. Twenty-one European and two Asian studies, containing 53 994 and 3659 subjects, respectively, passed QC criteria for this SNP-details of the individual studies are shown in Supplementary Material, Table S4 . In the Europeans, relative to the common (tt) homozygote group, ct heterozygotes have OR ¼ 1.06 (95% CI 1.02-1.09); P ¼ 0.004 (1 df) and cc homozygotes have OR ¼ 1.04 (95%CI 0.98 -1.10); P ¼ 0.2 (1 df). When compared with a full model, the data fit best (P ¼ 0.5) with a dominant mode of action for the minor c-allele OR [c-carrier/tt] ¼ 1.05 (95% CI 1.02 -1.09); P ¼ 0.004 (1 df) ( Fig. 2A ). An alternative, co-dominant mode of action fits less well (P ¼ 0.057) but cannot be formally rejected. There is significant heterogeneity, even between European studies (P ¼ 0.002). Four studies are outliers-their 95% CIs do not include the overall risk estimate. Excluding these studies from the analysis (ABCFS, KARBAC, MARIE and SEARCH [Sets 1 and 2]-the latter being the hypothesis generating study) removes the heterogeneity (P ¼ 0.9) and leaves the risk estimate essentially unchanged: OR [c-carrier/tt] ¼ 1.05 (95% CI 1.00 -1.09); P ¼ 0.04 (1 df); n ¼ 36 908 subjects. Thus, the observed heterogeneity is not generating the association.
From the two Asian studies there is no apparent association of SNP rs3020314 with breast cancer risk, [OR ¼ 0.90 (95% CI 0.65 -1.25); P ¼ 0.5 (dominant model) (Fig. 2B) although the CIs include those of the European studies. The c allele has a similar frequency among all European control subjects and is the minor allele (mode ¼ 0.33) whereas in Asian controls it is the major allele with a frequency of 0.8.
From the subset of 17 studies (all European) in which ER status has been determined the data indicate that any increased risk may be confined to ER-positive tumours (ERþ, Fig. 2C ) OR (ERþ) ¼ 1.05 (95% CI 1.00-1.10); P ¼ 0.04 (1 df); P(heterogeneity ¼ 0.04 (n ¼ 10 777 ERþ tumours versus 24 836 controls). One study, MARIE, is again an outlier and removing this from the meta-analysis leaves: OR (ERþ) ¼ 1.08 (95% CI 1.03-1.14); P ¼ 0.002 (1 df); P(heterogeneity) ¼ 0.4 (n ¼ 31 169 subjects). This tag SNP shows no evident association with risk of developing ER2 tumours (n ¼ 3 269 ER2 tumours versus 24 836 controls): OR (ER2) ¼ 1.00 (95% CI 0.93-1.08); P ¼ 0.9 (1 df), although there is no significant difference between the risk estimates for ERþ and ER2 tumours
We have conducted preliminary association studies of SNP rs3020314 with levels of two ESR1 splice-forms in B-lymphocytes from 33 subjects and ERþ breast tumours from 30 subjects. Results from both suggest that increasing c-allele dosage may be associated with increasing levels of an RNA splice-form that lacks ESR1 exon 5 (D5ERa relative to full-length ESR1 mRNA. This trend reaches significance (Kruskal -Wallis test, P ¼ 0.01) in the B-lymphoctyes (Fig. 3) .
DISCUSSION
This comprehensive SNP-tagging study of the ESR1 gene reveals no large associations of common gene variants in ESR1 with breast cancer risk. We report a marginally significant association of an SNP tagging a conserved region of intron 4 with an 5% increase in risk of developing ERþ tumours. There is significant heterogeneity between studies in this meta-analysis of BCAC results and the reason for this is not yet clear.
This intronic region was not re-sequenced during the construction of the MEC database and it is quite possible an, as yet undiscovered, variant is the cause of the apparent association. It is conceivable that the heterogeneity would be reduced if a causative variant could be identified and genotyped. Tag SNP rs3020314 was chosen to tag known variants in haplotype block 4b and it may not be a good tag for the putative causative variant in all the populations within BCAC. However, regardless of tagging efficiency, this study, albeit with .55 000 subjects, had only 12% power to ) suitable for genomewide association studies (GWAS). Since the majority of existing breast cancer case-control sets are already part of BCAC, it is likely to be some time before a substantially larger study can definitively confirm or refute this marginally significant association. Unsurprisingly, given this study power calculation, a recent GWAS (13) that included many of the same BCAC participants failed to detect this association. SNP rs3020314 was well tagged (r 2 ¼ 0.73) but the GWAS tag SNP did not reach the significance level (P ¼ 0.05) required to progress beyond the initial phase of that study. The level of significance (P ¼ 0.004) at the end of Stage 3 does not exceed the Bonferroni-corrected significance threshold, which would be P ¼ 0.0008, for 60 independent tests. However, this is an overly conservative threshold, as the 60 tag SNPs were not independent, but were correlated with each other to varying degrees. The known biology of ERa increases the prior probability of an ESR1 variant being associated with breast cancer risk but, even so, it remains possible that this is a false-positive finding. Assuming it is real, our detection of this association had an element of luck or 'winners curse'-the OR estimate of 1.2 from Phase 1 of this study [Supplementary Material, Table S2A ] was demonstrated to be an overestimate in Phase 3. We would have had ,30% power, in Phase 1, to detect the true OR (1.05) at the significance level (P ¼ 0.05) needed for progression to Phase 2.
The putative causative variant would be expected to be within haplotype block 4b of ESR1, a region delimited by SNPs rs3003917 and rs3003925 within intron 4 (Fig. 1) . Examination of the sequence conservation between mouse and man shows that haplotype block 4b is significantly more highly conserved (7947 conserved bp/17 991 bp¼44%) than the sequence of the rest of intron 4 (15 470 conserved bp/49 156 bp¼31%,
2205, data not shown). This suggests that, within ESR1 intron 4, haplotype block 4b is more likely to contain functionally important DNA than the other blocks. This intronic location raises the possibility that the functional variant may affect ESR1 splicing. One documented splice variant, D5ERa, has a deletion of exon 5 that generates a premature stop codon in exon 6 and thus a receptor lacking the hormone-binding and gene-activation domains (14) . Although in need of confirmation, our preliminary experiments indicate a trend for the D5ERa form to be more abundant, relative to full-length RNA, in B-lymphocytes with increasing doses of the risk-associated c allele (Fig. 3A) . There is a similar, although non-significant, trend in ERþ tumours (Fig. 3B) . The D5ERa form, which cannot bind oestrogen, has been shown to be capable of constitutively activating a reporter construct in the absence of oestrogen (14) . This hints at a potential mechanism for the association with breast cancer risk.
MATERIALS AND METHODS

Patients and controls
For Stages 1 and 2 of this study, cases were drawn from the SEARCH (breast) collection (Sets 1 and 2) , an ongoing population based study, Controls were randomly selected from the Norfolk component of EPIC (European Prospective Investigation of Cancer). Details of all 28 BCAC case-control studies, used in Stage 3, are given in Supplementary Material, Table S4 . 
Selection of tagging snps
SNP identification within the ESR1 gene has been carried out in Caucasians as part of studies in the MEC. (http://www. uscnorris.com/Core/DocManager/DocumentList.aspx?CID=13). We aimed to define a set of tagging SNPs such that all known, common SNPs had an estimated R p 2 of .0.8 with at least one tag SNP. We used the Tagger programme (http://www.broad. mit.edu/mpg/tagger/) to select SNPs using the aggressive pairwise tagging. This program identifies tagging SNPs regardless of the haplotype block structure.
Taqman genotyping (Stages 1 and 2)
Genotyping was carried out using Taqman w according to the manufacturer's instructions. Primers and probes were supplied directly by Applied Biosystems as Assays-by-Design TM . All assays were carried out in 384-well plates. Each plate included negative controls (with no DNA) and positive controls duplicated on a separate quality control plate. Plates were read on the ABI Prism 7900 using the Sequence Detection Software (Applied Biosystems). Failed genotypes were not repeated. Assays in which the genotypes of duplicate samples did not show .95% concordance were discarded and replaced with alternative assays with the same tagging properties.
QC across BCAC
Twenty-six studies used Taqman (with Assays supplied centrally) and three (ABCFS, kConFab/AOCS & MARIE) used Sequenom iPlex genotyping platforms. The following QC criteria were applied across all BCAC studies: DNA samples that failed to PCR in more than one previous BCAC studies were excluded from analysis. After exclusion of these samples, the call-rate for SNP rs3020314 had to be .95% of all attempted samples (one study was excluded due to call rate ,94%). All studies contained duplicate samples that showed .98% concordance between called genotypes. The genotype distributions in the Control samples had to conform to those expected under Hardy -Weinberg equilibrium (HWE). Representative cluster plots were examined and scored on scale of 1-4 for tightness of the clusters-studies with scores ,2 were excluded (three studies were excluded due to diffuse clusters and low fit to HWE, P , 0.05). All genotyping centres were provided with an identical test plate of 94 samples (Coriell plate). For this plate, call-rates had to be .95% and concordance rates .98% (one study was excluded due to call-rate 265%). A further study was excluded because it could not supply sufficient data for QC to be adequately assessed.
RNA isoform studies
RNA was extracted from breast tumours and B-lymphocytes were collected from healthy donors, using Trizol (Invitrogen) according to the manufacturer's instructions, followed by DNase I treatment. cDNA was prepared using Reverse Transcription Kit (Applied Biosystems) with random primers according to the manufacturer's instructions.
For the B-lymphocyte assay PCR primers were designed in ESR1 exon 4 (Forward: 5 0 -GAGACATGAGAGCTGCCAAC C-3 0 ) and exon 6 (Reverse: 5 0 -CCACCATGCCCTCTACACA TT-3 0 ), to simultaneously amplify the full length (FL 2417 bp) and D5ERa (Delta 5-278 bp) spliced forms. One per cent of the cDNA obtained was amplified in a buffer containing 0.5 U of Platinum Taq (Invitrogen), 1Â PCR buffer, 2 mM of MgCl 2 , 200 mM of dNTPs and 0.3 mM of each primer. Cycling conditions were: 948C for 5 min followed by 35 cycles of 948C for 30 s, 598C 30 s and 728C for 1 min, with a final extension step of 728C for 5 min. PCR products were separated by electrophoresis in 2% Nusieve 3:1 agarose (Cambrex) gels and stained with ethidium bromide. Intensities of the FL and Delta 5 bands were determined using Molecular Imaging Kodak 1D software (v 3.5.4), and ratios were calculated and plotted on a log 2 scale. The ERþ breast tumours were analysed by real-time PCR using the PCR primers as described above, and MGB-probes (Applied Biosystems: 6-FAM-CC TCCATGATCAGGTCC-MGB for the FL form and VIC-T GCCAGGAACCAGGG-MGB, for Delta5). Reactions were carried out in triplicate on each sample according to the manufacturer's instructions. Ct values were exported using the SWDS 2.1.2 software, and the ratio of the two forms was calculated as (Ct FL 2 Ct Delta5 ).
Statistical methods
For each SNP, deviation of genotype frequencies in controls from HWE was assessed by a x 2 test with one degree of freedom (1df). Genotype risks were estimated as ORs with 95% CIs, and significance levels were calculated using logistic regression. Additive, dominant and recessive models for the mode of action of associated SNPs were compared by likelihood ratio tests. The relative effects of correlated SNPs were compared by forward and reverse conditional logistic regression as well as likelihood ratio tests. Meta-analysis was carried out and Forrest plots generated using the Metan command within Stata TM (http://www.stata.com).
